A whole cell lysate of Legionella pneumophila was fractionated into five membrane fractions by sucrose gradient centrifugation. Membranes were characterized by enzymatic, chemical, and sodium dodecyl sulfatepolyacrylamide gel electrophoresis analysis. Two forms of cytoplasmic membrane-(CM-i, CM-2), a baq1 of intermediate density (IM), and two forms of outer membrane (OM-1, OM-2) were detected. The CM-i fraction was the purest form of cytoplasmic membrane, and fraction CM-2 was primarily cytoplasmic membrane associated with small amounts of peptidoglycan. The IM, CM-1, and CM-2 fractions were enriched in peptidoglycan, and the amount of carbohydrate and 2-keto-3-deoxyoctonic acid was not apprvciably greater in outer membrane relative to cytoplasmic membrane. Phosphatidylethanolamine and phosphatidylcholine were found to be the major phospholipids in the membrane fractions. The major outer membrane proteins had molecular sizes of 29,000 and 33,000 daltons and were both modified by heating. The 29,000-dalton protein was tightly associated with the peptidoglycan and was equally distributed in the IM, OM-1, and OM-2.
Legionella pneumophila is a gram-negative bacillus that is sensitive to the hydrophobic antibiotic erythromycin (27) . This general observation suggests that the outer membrane of L. pneumophila may present a hydrophobic surface to the environment. Recent studies on the crystal violet uptake and hexadecane affinity of L. pneumophila have shown that the L. pneumophila cell surface is distinctly more hydrophobic than that of wild-type Salmonella cholerasuis (4) . The functional properties of the outer membrane, including the degree of susceptibility to hydrophobic antibiotics, are determined by the chemical composition and relative amounts of protein, phospholipid, and lipopolysaccharide (LPS).
Ultrastructure studies have revealed that the cell envelope of L. pneumophila is typical of gram-negative bacteria in that an inner or cytoplasmic membrane, a peptidoglycan layer, and an outer membrane are present (10, 29) . However, with the exception of the recent report of Amano and Williams (1) on the peptidoglycan layer, information regarding the chemistry of the L. pneumophila cell envelope is limited. The peptidoglycan of L. pneumophila contains muramic acid, glucosamine, and meso-diaminopimelic acid, with 80 to 90% of the diaminopimelic acid residues cross-linked. Sodium hydroxide hydrolysis is required to release protease-resistant proteins associated with the peptidoglycan, and although lysozyme effectively hydrolyzes the glycan backbone, the integrity of the peptidoglycan sacculus remains intact (1) .
Preliminary reports have indicated that L. pneumophila outer membrane material can be isolated by treatment of the organism with EDTA-lysozyme or extraction with EDTA (10, 11) . LPS has yet to be isolated from L. pneumophila, although Wong et al. (38) characterized material from the organism that had properties characteristic of endotoxin. Similarly, Johnson et al. (15) have isolated a high-molecularweight antigen (F-1 antigen) with a chemical composition indicative of the presence of LPS.
Considering the lack of detailed information available, we undertook a study of L. pneumophila outer membrane.
Information from such a study would be useful in assessing the molecular architecture of the outer membrane and would aid in understanding the susceptibility of the organism to various antibiotics. Here we report the isolation and chemical characterization of the L. pneumophila outer membrane.
MATERIALS AND METHODS
Organism and culture conditions. L. pneiumophila Knoxville 1 strain was obtained from Jay Hammel, Hahneman Medical College, Philadelphia, Pa. The organism was passaged more than 20 times on charcoal-yeast extract (CYE) agar (28) and maintained in CYE broth (28) buffer, and centrifuged at 50,000 rpm for 1 h. Pellets were resuspended in 0.5 ml of HEPES, solubilized in SDS-PAGE sample buffer at 100°C for 5 min, and applied to a 12.5% acrylamide gel as described above.
RESULTS
Membrane fractionation. Lysis of L. pneumophila with a French pressure cell, followed by sucrose gradient centrifugation, resulted in five distinct bands. The location of each band in the gradient corresponded with the interface of sucrose steps similar to the observation of Hancock and Nikaido (13) for Pseudomonas aeruginosa membranes. Bands were designated in order of increasing density as follows: cytoplasmic membrane-1 (CM-1), cytoplasmic membrane-2 (CM-2), intermediate band (IM), outer membrane-1 (OM-1), and outer membrane-2 (OM-2). The CM-1 was clear orange, whereas CM-2 had decreased levels of orange coloration and was more opaque than CM-1. The buoyant density of these fractions was less than that observed for the cytoplasmic membrane reported in an earlier study (10) . The IM, OM-1, and OM-2 were diffuse, white bands. It was necessary to load whole cell lysate onto gradients to recover sufficient quantities of the CM-1 and CM-2 fractions for analysis. Lysis of gram-negative bacteria with a French pressure cell is known to disrupt cytoplasmic membrane into small fragments that are difficult to recover (16) . The protocol we describe (see above) was determined to be the method of choice after we attempted to isolate outer membrane by a number of published methodologies. Efforts to retrieve cell envelopes (total membrane) by preparative sucrose gradients (13) or ultracentrifugation (17) for loading onto analytical gradients resulted in very low yields of CM-1 and CM-2. Also, in our hands, the EDTA-lysozyme method (26) was ineffective at yielding osmotically fragile spheroplasts.
A280 of membrane fractions is shown in Fig. 1 (Fig. 1) .
Assessment of NADH, succinate, and malate dehydrogenase activity (Table 1 ) was utilized to determine the efficiency of separating cytoplasmic membrane from outer membrane. Although NADH and succinate dehydrogenase activity was highest in CM-1 and CM-2, these enzymes were also detected in the IM, OM-1, and OM-2 fractions. Specific activity of these enzymes in the upper bands was approximately five-fold greater than that in OM-1. Malate dehydrogenase activity was not detected in any of the membrane fractions. In view of the concern that extensive washings of membranes had partially inactivated these enzymes, fresh membranes were prepared and washed only once in 10 mM HEPES buffer and assayed for the above-mentioned enzymes. Results of these studies were equivalent to those described in Table 1 .
Chemical characterization of membrane fractions. The results of the chemical analysis of membrane fractions are shown in Table 1 . The CM-1 contained the least amount of protein and the IM contained the greatest amount on a dry Table 1 ). In view of the concern that DNA was interfering with the KDO assay, absorbance scans of thiobarbituric acid-positive chromophores were performed. The absorbance maximum for both pure KDO and membrane fractions was 548 nm, and the lack of an increase in absorbance in the 530-to 540-nm range for the membrane fractions suggested that DNA was not interfering with this assay. Heptose, another common component of LPS, was not detected in the membrane fractions. The hexosamine content was greatest in OM-1 and was monitored as a means of determining peptidoglycan distribution in the gradient based on the finding that glucosamine is a major constituent of the L. pneumophila peptidoglycan (1). Membranes were also examined for the presence of uronic acids to address the possibility that anionic polysaccharides were associated with the cell surface. Results of the assay were negative, indicating that these compounds were not present in membrane fractions. In addition, these data indicated that uronic acids were not causing interference in the KDO assay (37) . SDS-PAGE. Membranes were characterized by SDS-PAGE under several conditions of sample preparation. When membranes were solubilized at 100'C in sample buffer containing 2-ME, results seen in Fig. 2 (lanes 2 to 6) were obtained. The profiles for CM-1 and CM-2 were virtually identical. Fractions IM, OM-1, and OM-2 also had profiles very similar to one another, but distinct differences were observed between the cytoplasmic membranes (CM-1, CM-2) and the IM, OM-1, and OM-2. The major protein in the IM, OM-1, and OM-2 had an apparent molecular size of 29,000 daltons (29K). To determine if heat-modifiable proteins were present, membranes were solubilized in sample 3 . Two-dimensional SDS-PAGE of heat-modifiable proteins. Fraction OM-1 was solubilized in sample buffer containing 2-ME at room temperature or at 100°C for 5 min before running in the first dimension. Gel strips cut from the first dimension were placed in sample buffer containing 2-ME and heated at 100°C for 5 min. before running in the second dimension. All proteins were located on the diagonal when heated before running the first dimension (a). The results of no heating before running the first dimension are seen in (b). The 29K protein behaves as a large aggregate, and the 33K protein increased in molecular size to 45K upon heating. Ten micrograms of protein was loaded before running the first dimension. buffer at 20°C and examined under identical conditions to those described above. In the absence of heating, the 29K band did not appear to enter the gel as a recognizable band (Fig. 2, lane 8) , and what appeared to be large aggregates of material were observed at the top of the separating gel for IM, OM-1, and OM-2. A second heat-modifiable protein was observed in which the apparent molecular size decreased from 45K to 33K in the absence of heating. This protein was also present in the IM, OM-1, and OM-2 fractions only. The result of heating membranes at 100°C in the absence of 2-ME is seen in Fig. 2 (lane 7) . The 29K protein again was not present, and smearing at the top of the lane was observed, suggesting that both heat and reducing agent are required to release the 29K protein in monomeric form. The 33K protein increased in apparent molecular size to 45K, indicating that heat only is required for the modification of this protein. To further characterize the heat-modifiable proteins, two-dimensional SDS-PAGE analysis was performed with OM-1 representing the proteins in fractions IM, OM-1, and OM-2. Heating the sample in the presence of 2-ME before SDS-PAGE in the first dimension yielded a typical diagonal line with all proteins falling on the diagonal after the second dimension was run (Fig. 3a) . Figure 3b shows the result of solubilizing OM-1 at 20°C with 2-ME before running the first J. BACTERIOL. dimension, followed by heating before running the second dimension. The 29K protein departed markedly from the diagonal, confirming that it runs at a greatly increased molecular size in the absence of heating. The 33K protein also behaved differently under these conditions, and its position above the diagonal shows that heating caused an increase in apparent molecular size.
The 29K protein was found to be associated with SDSinsoluble material (i.e., crude peptidoglycan) (Fig. 4) . Heating total membrane in 2% SDS at 100°C for 15 min failed to release this protein from the crude peptidoglycan. The 33K protein, however, was partially released at 60°C and was completely released from the crude peptidoglycan after incubation at 100°C.
Phospholipid analysis. PE, PC, phosphatidylglycerol (PG), and cardiolipin (CL) were the major phospholipids of the REL from membranes (Table 2 ). These findings are in agreement with those of Finnerty et al. (9) , who found PC, PE, PG, and CL to be the major phospholipids of the REL from whole cells of L. pneumophila. Phospholipid distribution in membrane fractions was determined by assaying for lipid phosphorus (2) . Percent recovery of total phosphorus applied to TLC plates was greater than 90% for all fractions. PG was not detected in CM-1 but was present in the remaining four fractions. PE was the most abundant phospholipid in all of the membranes, with PC being the next most abundant species. CL and PG were present in noticeably lower amounts (6 to 14% and 8 to 13%, respectively). Iodine-positive material running near the solvent front was detected and was believed to represent neutral lipid and free fatty acids as described by Fine and Sprecher (8) . This material was not further characterized. Residue remaining at the origin of application on the TLC plates and a noticeable viscosity when the REL from IM, OM-1, and OM-2 were suspended to 10 mg/ml in CHC13 suggested that polyhydroxybutyrate was contaminating the REL of these fractions. Membrane-associated polyhydroxybutyrate has been observed in L. pneumophila in a previous study (29) , and we found that ether-precipitable material, a characteristic of polyhydroxybutyrate (30) (22) . The 29K protein from L. pneumophila was recoverable from SDS-insoluble material (i.e., crude peptidoglycan) and was not liberated by treatment at temperatures exceeding 60°C (Fig. 4) , a property characteristic of porins from Escherichia coli (21) . In addition, extraction of crude peptidoglycan from L. pneumophila with high salt, which normally releases porins from the peptidoglycan of Salmonella typhimurium (34) and P. aeruginosa (40) , failed to release the 29K protein (unpublished observations). The 33K protein increased in apparent molecular size to 45K upon heating, but in contrast to the 29K protein, this behavior was independent of reducing agent. The outer membrane of Haemophilus influenzae contains two heatmodifiable proteins, one of which (protein a) has an apparent molecular size of 34K in the absence of heating and has an apparent molecular size of 47K after heating (35) . Outer membrane proteins with molecular sizes of 43K and 30K, have been identified in Brucella abortus (36) , and a 29K protein has been reported to be a major outer membrane protein in Rickettsia prowazeki (32) . It is of interest to note the similarities in the outer membrane proteins of L. pneiu- KDO, etc.) between cytoplasmic membrane (CM-1, CM-2) and outer membrane (OM-1, OM-2). The IM, OM-1, and OM-2 were expected to be enriched in total hexose relative to CM-1 and CM-2 as a result of increasing amounts of LPS associated with these fractions. However, carbohydrate content was not appreciably greater in these fractions. Hexosamines are constituents of the lipid-A moiety of the LPS from S. typhimurium, and the ratio of hexosamine to KDO is 2:3 (24) . However, the molar ratio of hexosamine to KDO in membrane fractions in our study ranged from 40:1 (CM-1) to 72:1 (OM-1). This suggests that the overwhelming majority of hexosamine detected was a reflection of the presence of peptidoglycan and not LPS. Heptose sugar, a common constituent of LPS was not detected in any of the fractions, which is in agreement with the study of Flesher et al. (11) . The lack of uronic acids in membranes indicated that anionic saccharides were not associated with the membrane fractions.
Johnson et al. (15) have shown that a high-molecularweight antigen (F-1) is readily released from L. pneumophila by washing cells with buffer. The antigen is composed of 35% carbohydrate, 2.6% protein, 1.8% phospholipid, and 1% KDO, suggesting that it contains LPS. Given this observation, a significant amount of outer membrane components similar to the F-1 antigen may have been removed during the washing of cells before lysis in the French pressure cell.
Alternatively, several observations have been made that suggest that L. pneumophila maintains a hydrophobic cell surface (4, 27) . We found that the percentage of (wt/wt) total hexose in OM-2 is less than 3.5%, indicating that the cell surface may be quite hydrophobic. Bohach and Snyder (4) found that the hydrophobicity of the L. pneumophila cell surface was intermediate between wild-type S. cholerasuis (hydrophilic) and a deep rough LPS mutant of S. typhimurium (hydrophobic). Deep rough mutants of S. typhimurium exhibit increased susceptibility to hydrophobic antibiotics, including erythromycin (23) , and L. pneumophila has been shown to be susceptible to erythromycin in vitro (27) . Although material with a high carbohydrate content is easily removed from whole cells (15) , the antibiotic susceptibility characteristics of L. pneumophila and the findings of Bohach and Snyder (4) suggest that our observations may be an accurate reflection of the true carbohydrate content of the outer membrane.
We have confirmed the unusual phospholipid composition of L. pneumophila whole cells reported by Finnerty et al. (9) . PE and PC were the most abundant phospholipids in the membranes, and the PE/PC ratio increased with membranes of increasing density. PE enrichment in outer membranes is well documented in E. coli (5) and, as indicated by our data, appears to occur in the L. pneumophila outer membrane. PC is seldom observed in bacterial phospholipids and is a common component of eucaryotic membranes (12) . However, PC has been observed in the phospholipids of Nocardia coelicia (30%) (39) , Treponema pallidum (33%) (14) , and B. abortus (34%) (33) among others. The amount of PC in L. pneumophila Knoxville strain has been reported to be 35% of the total phospholipid (9) . We found that the amount of PC in membranes ranged from 27 to 43% (Table 2 ). The function of PC in the cell envelope of L. pneumophila is unclear at this time, but its presence clearly distinguishes the lipid composition of this organism from most bacteria.
